The effects of carbon fraction on various corrosion properties of Fe18Cr10MnNC alloys were investigated. The alloys contained 0.6 wt pct of nitrogen and carbon, and the carbon fraction varied from 0.03 to 0.47. With increasing the carbon fraction, corrosion potential raised, critical dissolution rate decreased, and pitting potential increased. The high carbon fraction was responsible for high resistance against intergranular corrosion of the alloys aged at 1123 K (850°C) for 100 seconds. But after aging at 1123 K (850°C) for 600 seconds, the intergranular corrosion accelerated with increasing the carbon fraction. As efforts to develop substituting materials for Nidependent austenitic stainless steels, high nitrogen stainless steel (HNS) [1] [2] [3] [4] [5] and high interstitial alloy (HIA) [6] [7] [8] [9] [10] [11] [12] [13] [14] have been proposed. The concept of combined addition of N and C to the low-Ni stainless steel has been embodied in HIA, which gives several advantages such as a cost-saving manufacturing process (i.e., excluding pressurizing process required for HNS) and excellent performance. Interstitial alloying elements of C and N effectively stabilize an austenite phase in a stainless steel, improve strength without much reduction in ductility, [1, 6, 7, 9, 10] and promote wear resistance. An in-depth investigation on an electronic structure and austenitic stability of various HIAs (Fe (13) (14) (15) (16) (17) (18) Cr (16) (17) (18) (19) (20) Mn(0.25-0.88)N(0-0.49)C) was performed by Gavriljuk et al. [8] [9] [10] [11] They clarified that the combined addition of N and C to the FeCrMn-based alloy changed the free electron density, short-range ordering, and austenitic stability; hence, the mechanical properties of the HIAs were varied. In addition, wear performance of commercial HIA (P558, Fe17Cr10Mn3Mo0.5N0.2C) [6] and precipitation behavior of Fe18Cr10Mn0.38N0.38C alloy were examined. [14] As concerned with pitting corrosion behavior, it was reported that the alloyed C had similar beneficial effect to that of N, [1, 13, 15] which was strengthening a passive film of FeCrMn-based stainless steels. [13] Owing to the advantages, the development of HIA has become an important matter of concern. In HIA, a certain amount of N is required to enhance the performances and to form stable austenite at a given interstitial element content [9] [10] [11] because a stable region for austenitic phase cannot be obtained by adding C only due to an inevitable formation of M 23 C 6 . Considering the manufacturing cost, however, the N content should be controlled at an optimum level to exclude a pressurizing process. Consequently, on designing the HIA, it is important to control the N and C ratio, and hence, understanding the effects of the interstitial fraction on various properties is required. Particularly, the corrosion properties of stainless steels affected by the alloyed C have been rarely investigated so far. Thus, in this article, the change in various corrosion properties of Ni-free Table I . The alloys contained approximately 0.6 wt pct of C and N ([C+N]), and the C fraction was varied from 0.03 to 0.48. The alloys were produced in a commercial vacuum-induction melting furnace. The ingots were homogenized at 1523 K (1250°C) for 2 hours in Ar atmosphere and were hot-rolled into sheets with a thickness of 4 mm, followed by air cooling. Then, the alloys were solution annealed at 1323 K to 1423 K (1050°C to 1150°C) according to their C and N contents for 1 hour and quenched in water in order to avoid precipitation. Scanning electron microscope (SEM) observation on the solution annealed alloys confirmed that all the alloys had full austenite phase without nitrides or carbides. A three-electrode electrochemical cell with a saturated calomel reference electrode (SCE), a planar Pt counter electrode, and the alloys as a working electrode were used in electrochemical experiments. For the electrochemical tests, the samples were mounted in an epoxy resin and polished to #2000 grade using SiC paper. A test area of 0.13 cm 2 was masked using an electroplating tape. Before testing, the sample was cathodically reduced at À1.0 V SCE for 50 to 300 seconds depending on the solution pH. General corrosion behavior was investigated using a polarization test and a galvanostatic test in deaerated sulfuric acid solutions (0.003 to 0.05 M H 2 SO 4 ). The polarization test was conducted at a scan rate of 5 mV s À1 in a potential range of À0.7 to 1.6 V SCE . The galvanostatic reduction test was performed to measure the hydrogen gas evolution potential of the alloys by applying constant cathodic current of À0.3 mA cm À2 in 0.003 M H 2 SO 4 solution for 500 seconds. The pitting corrosion behavior was examined using a polarization test in 1 M NaCl and 0.5 M KCl solutions at a scan rate of 3 mV s À1 . Intergranular corrosion (IGC) resistance was investigated using a double-loop electrochemical potentiokinetic reactivation (DLEPR) test in deaerated 0.5 M H 2 SO 4 + 0.01 M KSCN solution [16] [17] [18] at a scan rate of 1.67 mV s À1 . For the DLEPR test, the alloys were aged at 1123 K (850°C) for 100 seconds and 600 seconds to control the sensitization level. After the test, corroded microstructure was observed using SEM. The solution temperature was maintained at 298 K (25°C) during all the electrochemical tests.
Figures 1(a) and (b) display anodic polarization curves in the overall potential range and demonstrate a closer look of active-passive transition behavior, respectively, measured in 0. . [19, 20] The effect of C fraction appears in the activepassive transition potential region. As the C fraction increases, the corrosion potential (E corr ) gradually raises from À0.65 V SCE (0.61N alloy) to À0.58 V SCE (0.32N 0.30C alloy), and the critical current density (i crit ) is reduced from 7.29 mA cm À2 (0.61N alloy) to 2.44 mA cm À2 (0.32N0.30C alloy). The variations of E corr and i crit as a function of C fraction are represented in Figure 1(c) . Furthermore, the remarkable difference in the polarization curves (Figure 1(b) ) between HNS and HIA is H 2 evolution rate (H + + 2e À fi H 2 ) below E corr , which is distinctly higher in HIA. This feature is verified by the galvanostatic results in Figure 1(d) , which is the potential transition response to applying constant cathodic current density of À0.3 mA cm À2 in 0.003 M H 2 SO 4 solution (pH 2.24). The hydrogen evolution potential for À0.3 mA cm À2 is approximately À0.64 V SCE for 0.61N, but the potential values of HIA raise gradually with increasing C fraction. All the results shown in Figure 1 indicate that the solutionized C ennobles Fe18Cr10MnN matrix. Little is known about the ennobling ability of C as an alloying element in stainless steels. However, the similar effect of C was reported in carburized or C-implanted [7, 15, [21] [22] [23] [24] [25] [26] [27] stainless steels; it was revealed that the surface treatment using C elevated E corr and lowered i crit resulting in the nobler matrix. The role of alloyed C in general corrosion behavior of stainless steels is quite similar to that of noble metals such as platinum group metals. This phenomenon is inferred to be due to the electronic structural change in stainless steel matrix [8, 11] or physical structural change [28, 29] by C alloying. However, further investigation is necessary for the clearer explanation on the role of C.
Pitting corrosion resistance was investigated in 1 M NaCl (Figure 2(a) ) and 0.5 M KCl (Figure 2(b) ) solutions. The insets in the figures are overall polarization curves. In the neutral and mild acid conditions, the alloys were already passivated at E corr , and no activation current peak appeared. In NaCl solution, the pitting potential (E pit ) of 0.61N alloy is 0.262 V SCE , and with the increase in C fraction, the E pit elevates to approximately 0.43 V SCE (Figure 2(c) ). A similar trend is observed in 0.5 M KCl solution, the E pit exhibits linear proportion with increasing C fraction. Therefore, in the Fe18Cr10MnNC alloy system, it is desirable to use C instead of N as an alloying element to enhance the pitting corrosion resistance. Regarding the beneficial effect of C, [1, 13, 15, 16] it was reported that the alloyed C made the passive film of Fe18Cr10Mn alloy more protective by increasing Cr cation fraction ([Cr]/ [Cr+Fe]) in the passive film. [13] Alloyed N also has similar effect on strengthening the passive film, [5] but as shown in Figure 2 , the C alloying in the Fe18Cr10MnNC is more effective to promote pitting corrosion resistance at a fixed interstitial content.
The IGC behavior of the solution-annealed and aged alloys (at 1123 K [850°C] for 100 seconds and 600 seconds, respectively) were examined using a DLEPR test (Figure 3) . From the DLEPR curves, the ratio between a critical dissolution current density during activation (i a ) and the current density during reactivation (i r ) can be measured. The ratio (i r /i a ) reflects a degree of sensitization (DOS) of the specimen. [16] [17] [18] Figures 3(a) and (b) are the DLEPR curves of 0.61N and 0.32N0.30C alloys, respectively, showing aging time effect on the curves. Figures 3(a) and (b) show that aging time has minute effect on i a , but it increases i r in the reactivation curve. The i r value of 0.61N increases from 2.093 mA cm À2 (solution annealed state) to 4.725 mA cm À2 (aged state for 600 seconds), and that of 0.32N0.30C raises from 0.516 mA cm À2 (solution annealed state) to 16.935 mA cm À2 (aged state for 600 seconds). Figure 3(c) shows DLEPR curves of the alloys aged at 1123 K (850°C) for 100 seconds showing the C fraction effect. During activation, passivation of the alloys begins at approximately À0.35 V SCE (i a peak position), and the i passive at 0.3 V SCE is approximately 10 lA cm À2 as depicted in Figure 3 (c). It is worth mentioning that 0.61N alloy has the most unstable passive state exhibiting the high and fluctuating i passive . On reactivation, reactivation peak appears at À0.483 V SCE (i r peak position). Contrary to the unchanged i a , i r decreases depending on the C fraction in the matrix; thus, DOS is lowered with increasing C fraction as shown in Figure 3(d) . The DLEPR curves and the DOS Figures 3(c) and (d) , only the DOS value for solution-annealed samples is slightly lower than that of the samples aged for 100 seconds. The increase in i r value by aging at 1123 K (850°C) for 100 seconds is consistently observed in all the aged alloys in comparison with those of solution annealed alloys. A slight but clear increase in the i r values of the aged alloys indicates that the 100 seconds aging generates Cr-depletion region in the samples associated with nitrides and carbides preferentially formed at grain boundaries in HNS and HIA, respectively. [14] Figures 4(a) and (b) show the microstructures of the alloys aged at 1123 K (850°C) for 100 seconds before (Figures 4(a) and (b) , and 5(a) and (b)) because the precipitates are too minute to be discernible in SEM observation. However, the precursor of precipitation was observed by the DLEPR tests because the DLEPR test was performed on sufficiently large area (0.13 cm 2 ), and it is also considered that the increased i r value by aging reflects the decreased degree of uniformity in Cr distribution. Based on the DLEPR results in Figures 3(c) and (d) , it can be concluded that the higher C fraction is beneficial to retard the sensitization at the initial stage of precipitation before 100 seconds aging.
The IGC severely occurred in the alloys exposed to 1123 K (850°C) for 600 seconds. Figure 3 (e) displays the DLEPR curves of the alloys aged for 600 seconds. The i r values of the alloys containing C are significantly increased to 15 to 17 mA cm À2 in comparison with the alloys aged for 100 seconds. After 600 seconds aging, HIAs are confirmed to be more sensitive to IGC than HNS, and Figure 3 (f) represents that the more C fraction brings higher DOS (low IGC resistance). Figures 4(c) through (f) are the SEM micrographs of 0.61N and 0.32N0.30C alloys aged at 1123 K (850°C) for 600 seconds before the corrosion test, and Figures 5(c) through (f) show the corroded morphologies of the aged alloys after the DLEPR test. In 0.61N, Cr 2 N precipitates cover the grain boundaries and cellular-type Cr 2 N precipitates form in grain interior after 600 s aging, which appear in relatively bright phases in Figures 4(c) and (e) (indicated by arrows). Corrosion definitely initiates and propagates along the interface between Crrich precipitates and the matrix corresponding to a Crdepletion region as shown in Figures 5(c) and (e) . On the other hand, interganular Cr 23 C 6 precipitates form in 0.32N0.30C alloy after aging at 1123 K (850°C) for 600 s, but cellular precipitates were not observed yet (Figures 4(d) and (f) ). A previous study on the precipitating behavior of Fe18Cr10Mn0.38N0.38C alloy [14] (higher [C+N] content) showed that the cellular-type precipitation did not occur until 10 3 s aging at 1123 K (850°C), and it appeared after prolonged aging for 10 4 s. After the DLEPR test, corrosion initiates at the grain boundaries ( Figures 5(d) and (f) ). The difference in IGC behavior between HNS and HIA can be interpreted by the dissimilar precipitation behavior. Alloyed C in the matrix seems to retard the precipitation initiation and the formation of the cellular-type precipitates as well; thus, the precipitates are more severely tied at the grain boundary as the C fraction increases. In case of 0.61N alloy without C, Cr 2 N is initially formed at the grain boundary and then it unrestrainedly grows into the grain interior; thus, the sensitization of grain boundary becomes less severe and probably the Cr distribution is more uniform than the case of HIA. This difference in precipitation behavior causes more severe IGC in HIA than HNS after 600 seconds aging in spite of the faster precipitating rate of HNS. Consequently, although the HIA shows a relatively slower precipitation rate as well as cellular precipitation because of higher C fraction, the IGC resistance of C-aided Fe18Cr10MnN alloys is lower than that of 0.61N alloy because of the localized precipitation.
So far, the effects of C fraction ([C]/[C+N]) on the various corrosion properties of Fe18Cr10Mn-based austenitic stainless steels were investigated, and the results can be summarized as follows. At a given interstitial content, the general corrosion resistance of the alloys was improved as 
